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Abstract

The evaluation of the fracture toughness of tungsten is required for the design of plasma-facing
components in order to ensure safe and durable operation in ITER reactor, being under construction in
France. During operation, plasma facing materials will be exposed to cyclic thermo-mechanical loads
combined with high energy neutron flux, which, in general, reduce the fracture toughness.
Characterization of the degradation of the mechanical properties after exposure to the neutron flux
involves time consuming and expensive procedures due to nuclear activation and special handling.
Subsequently, development of sample miniaturization and protocols to reduce the volume of material
under inspection is critical to speed up the progress in R&D. In this work, we propose a combined approach
for the reconstruction of the fracture toughness — temperature curve, which is applied in the ductile to
brittle transition temperature range. The approach consists of two steps: (i) application of the three point
bending tests using miniaturized samples to reveal the transition temperature range on the basis of
flexural strain data; (ii) execution of standardized fracture toughness tests at the upper temperature of
the transition regime. The results allow the determination of the fracture toughness as a function of
temperature with a reasonable accuracy. The validity of the approach has been demonstrated on two
commercial tungsten grades produced according to ITER specification and tested in the as-fabricated state.
The conclusions are supported by microstructural analysis performed on both standardized and
miniaturized samples.

Keywords: Tungsten, bending test, fracture toughness, ductile to brittle transition temperature, fracture
behavior

*corresponding author, email: cyin@sckcen.be

1. Introduction

The response of structural or functional materials to impact, cyclic deformation, thermal shock or
mechanical loads is of practical concern for a variety of applications, including structural crashworthiness,
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ballistic events, explosive—structure interactions and, in general, in high temperature applications from jet
turbines up to plasma technology. Often, high performance materials are heterogeneous or at least exhibit
a complex microstructure if considered at the micro-scale, see the example of polycrystalline metals,
fiber/particle reinforced composites, or metallic laminates (see e.g. [1-5]). The international program on
fusion electric power is one of the examples where the application of materials in extreme environmental
conditions cannot be avoided [6]. Tungsten (W) constitutes one of the materials that will play a key role in
the implementation of ITER as well as in DEMO projects [7-9]. Tungsten is a promising plasma facing
material for both divertor and first wall components because of its high melting temperature and
resistance to sputtering by low-energy ions. However, the relatively high ductile-to-brittle transition
temperature (DBTT) of W, being around 300-400 °C [10], is an important concern for the designers, since
the exploitation in the thermo-nuclear fusion environment will raise its DBTT even to a higher temperature
as a result of neutron irradiation damage [11-13]. However, most of the irradiation and post-irradiation
tests performed in the past do not cover the actual temperature range required for the ITER and DEMO
programs. Furthermore, the tests were performed on materials with specifications no longer up to date
given the lessons learned after recent high heat flux test and updates in the design of the Plasma Facing
Components (PFC) utilizing W [14].

A modelling-based assessment of the structural integrity of the PFC, as an alternative to fully-
representative experiments, can be performed based on fracture mechanics analysis using the finite
element method, see e.g. [15]. Such dedicated study can assess the failure probability and lifetime of a
component given the boundary conditions (i.e. loading scheme, temperature profile, damage rate, etc...).
However, the intrinsic properties of materials constituting the PFC remain the critical input ensuring
robustness of such models. That is why the determination of the basic properties of the materials being
exposed to neutron irradiation is an unavoidable task in the assessment of the behavior of the full
component. Given that neutron irradiation and post-irradiation examination (PIE) constitute costly and
time-demanding experiments, the scientific community looks for alternative options such as usage of
accelerated irradiation with ions (see e.g. [16-18]) or miniaturization of the specimens for neutron
irradiation (see e.g. [19, 20]). Whilst ion irradiation can probe very small volume (within micro-meter
range), the implementation of the small specimen testing techniques (SSTT) based on neutron irradiation
brings significant benefits in terms of cost and time required to assess material properties. Thus, SSTT is
one of the focuses of the current research program on fusion material’s development and qualification.
One of the key elements in the SSTT is to align the testing protocols and procedures accounting for the
currently available standards e.g. well-known ASTM standard. When it comes to the assessment of W for
fusion applications, the most critical question is how to deduce DBTT and fracture toughness using SSTT
and to align it with the standard Master Curve approach used earlier to characterize non-irradiated W (see
[21-26]).

The Master Curve approach, which is included in the ASTM standard 1921 [27, 28], is based on the
weakest link theory and Weibull statistics. This method considers that the Weibull modulus is equal to 4
and the shape of the master curve is fixed. Moreover, the transition temperature (To) is defined as 100
MPay/m for 25 mm thick specimen. However, this set of parameters for the master curve method is
designed for steels within the ASTM standard. Although tungsten is a BCC metal, which shows a ductile
behavior above certain temperature, it has a relatively low fracture toughness (lower than 100 MPavm,
see [21-26, 29, 30]) as compared to ferritic/martensitic steels at the same homologous temperature where
the material exhibits ductile deformation. In addition, some brittle materials show different fracture
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strength distribution and the Weibull distribution is not always the most appropriate method [31-35].
Indeed, the application of the Weibull statistics requires sufficient number of data points to properly
identify the Weibull modulus [36], which is a shape parameter determining the probability density function.
Often, when it comes to the assessment of neutron irradiated materials, the number of specimens
available is rather limited, hence sound assumptions about the Weibull modulus are needed. However, it
is also known that the Weibull modulus depends on the test temperature [37], subsequently the use of a
fixed modulus over a wide temperature range is hard to justify. Other distribution functions, like a normal
distribution, can be applied instead of the Weibull distribution for brittle materials [31, 33].

Beside the above discussed master curve approach, instead of utilizing the conventional fracture
toughness testing procedure, the DBTT range can be determined by using three point bending tests (on
the flat bar specimen without a notch). In a report by Lawrence Livermore national laboratory dealing with
tungsten, the value of the flexural strain has been used as an indicator for the DBTT [38]. The DBTT was
defined as the temperature at which the flexural strain is equal to or higher than 5%, which had been
applied later on by other researches for tungsten based materials [39, 40].

In this work, we perform a combined analysis relying on the standardized fracture toughness tests
and on three point bending (3PB) tests to deduce the DBTT of commercial pure tungsten. The key idea is
to minimize the number of fracture toughness tests required to provide an assessment of DBTT thanks to
the extra information gained through the 3PB tests. The fracture toughness tests and 3PB tests are
referred to ASTM standard E1921, E1821 and E290, respectively [28, 41, 42]. All tests are accompanied by
microstructural investigations confirming the fracture mechanism and therefore proving the appropriate
determination of the transition temperature. By demonstrating reliable prediction of the DBTT with this
approach, transfer can be made to application on neutron irradiated materials in order to reduce the total
number of samples and tests. In order to ensure the technological impact of this work, we carry the study
using two commercial tungsten grades produced according to the ITER specification [14] by European
company Plansee and Chinese company AT&M.
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2. Methodology and experimental details
2.1 Materials and microstructural analysis

The microstructure and fracture surface of the specimens are analyzed using a JEOL JSM6610 scanning
electron microscope (SEM). The surface fraction of the different fracture patterns are quantified by Image)
image analysis software. Electron backscattered diffraction (EBSD) is used to analyze the morphology and
orientation of the grains. The measurements are performed based on the Bruker QUANTAX EBSD system,
and OIM TSL analysis software is used to calculate Low angle grain boundary density (with a step size of
2.74 um) and to plot the inverse pole figure (IPF) after the EBSD measurements.

Two grades of commercially pure tungsten (W) processed according to the ITER specification [14] were
studied. These grades will be referred to as IGP and CFETR, being manufactured by Plansee (Austria) and
AT&M (China), respectively. Both materials were produced by powder metallurgy methods. The
mechanical treatments are different: double hammering was applied to IGP W and rolling was applied to
CEFTR W. Their composition (provided by the manufacturer) and grain size are shown in Table 1; the grain
characteristics are calculated by the MTEX Matlab code.

Table 1. Composition and grain characteristics (normal to normal direction) of the W materials; the
equivalent medium diameter is defined as the equivalent diameter of grains that have 50% cumulative
area fraction; the median aspect ratio is defined as the ratio between the long side and the short side of
an equivalent ellipse, which has the best match with the grain shape.

Materials IGP CFETR

Composition Pure W (>99.97 wt%) Pure W (>99.94 wt%)

Major impurities (maximum ClO | N | Fe| N |Si|C/fOfN/fFe/ N/ S

; -3
concentration, x 107 wt%) 3| 2|os| 3| 2|2 |120]|1]10]10]10] 10
Plane normal to Normal Transverse Normal Transverse
(the directions are shown in Figure 2) direction direction direction direction
Equivalent median diameter
101.88 95.02 77.88 62.12

(um)
Median aspect ratio 9.79 10.75 2.42 7.43
Low angle grain boundaries s s s s

2.17x10 2.01x10 2.20x 10 2.03x10

(LANGs) density (m™)
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Figure 1. Map of inverse pole figure of IGP and CFETR; (a) and (b) are normal to normal direction (ND); (c)
and (d) are normal to transverse direction (TD).

The microstructure of the two W materials can be analyzed based on the map of inverse pole figures
(Figure 1), where the color mapping is related to the orientation of grains. Because of the hot rolling (CEFTR)
and hot forging/hammering (IGP), the microstructure consists of essentially elongated grains whose axis
coincides with the longitudinal direction. The grains are elongated, and therefore the measured medium
diameter represents only the effective size, while the apparent size is essentially different. The main
differences between these materials are (1) the grain shape aspect ratio in TD-LD plane (plane normal to
ND), see Table 1; and (2) the texture, see Figure 1c and d. The impact due to these differences will be
discussed further after presentation and analysis of the failure process. The microstructure of IGP material
has been investigated by TEM revealing that the dislocation density is in the range of (2 — 8) x 1012 m?
[43]. Similar dislocation density is expected for the CFETR grade, but it is currently under investigation.
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2.2 Specimens geometry and calculation method

Rolling Direction (RD) / Normal Direction
Longitudinal Direction (LD) (ND)
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DCT 3PB DCT 3PB
Top side view Right side view

Figure 2. Cutting scheme showing how test samples were fabricated given the longitudinal direction of
the W products. The samples were cut by electric discharge machining.

Table 2. Dimensions of DCT specimen

W do bO B
Dimension ~8.5 mm ~4.2 mm ~4.3 mm ~4 mm

Both disk-shaped compact tension (DCT) and 3PB specimens are machined with T-L orientation according
to the ASTM E399 [44], as shown in Figure 2. The DCT specimens were cut by electrical discharge machining
(EDM) from the block materials (IGP was provided as rod with a 35 mm side square cross-section, CFETR
as a 13 mm thick plate). The dimension ratio of the DCT specimens follows the ASTM standard. However,
fatigue pre-cracking is not performed on the DCT specimens. Instead of fatigue pre-crack, an EDM cut
notch with root radius around 50 to 90 um is introduced into each DCT specimen. The sketch of the DCT
specimen and the dimensions of the specimen are shown in Figure 2 and Table 2.

The fracture toughness is calculated according to ASTM E1921 [28] and referring to ASTM E1820 [41]. The
determination of fracture toughness in ASTM E1921 [28] is different from the one in ASTM E399 [44] where
the later considers a linear elastic behavior only. As a result, the fracture toughness value determined in
ASTM E399 [44] is lower than the one determined in ASTM E1921 [28] when a specimen shows a non-
linear load displacement response. The stress intensity factor rate during the elastic region is 0.43 £ 0.08
MPa+v/m/s. The qualification of the fracture toughness K;. is based on the ASTM E1820 J.. criterion [41]: Kjc
can be defined if b, = 100],./0y, where Jq is the J-integral value without qualification and oy =
(o7s + ays)/2, where grg is the ultimate tensile strength and gy is the 0.2% offset yield strength. The
fracture toughness K. that does not meet the J. criterion will be replaced by the highest K. value at the
same temperature that meets the criterion. This procedure is adopted from the ASTM E1921 [28] in order
to determine the K;.-temperature curve within the transition temperature range rather than to find the
upper shelf fracture toughness. Equation (1) is used for the determination of the fracture toughness Kic:
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K]c = /]c 1_Evz , (1)

where J. = J, + ], with ], the elastic part of the J-integral, which can be deduced from equation (2) and
Jp the plastic part of J-integral and can be calculated using equation (3). /. is expressed as

1-v?)KZ
Jo = U2, @)
in which v is the Poisson ratio, E is the elastic modulus, and K, is the linear elastic fracture toughness
defined as the linear elastic equivalent stress intensity factor when the force equal to the fracture load P,
as shown in Figure 3. In the other hand, J, is expressed as

nA
]p = Bbz ’ (3)

where A, is the work of plastic deformation, as shown in Figure 3, B X b, is the cross section of the

ligament, and the parameter 7 is equal to 2 + 0.522% .

B

Load

Load Line Displacement

Figure 3. Schematics of the mechanical load vs. load line displacement curve; P is the load when cleavage
or any unstable cracking occur.

The three-point bending test set-up is designed following the ASTM E290 standard [42]. The strain rate of
the maximum tension part of the specimen is approximately 102 s. The dimension of the 3PB specimen
is 1 mm x 1 mm x 12 mm, which looks similar to a matchstick. The flexural strain (FS%) is calculated using
equation (4) as

FSo = 224 (4)

L2

in which D is the maximum deflection of the 3PB specimen, d is the thickness of the specimen, and L is the
supporting span of the test stage (in this case L = 8.5 mm).

The tests were performed in air in the temperature range RT to 600°C on a standard INSTRON 3800
universal mechanical testing machine.

2.3 Fitting method

In order to fit the dependence of K. and flexural strain (FS) on test temperature, we use the mean values
of the experimental results instead of the median values of the Weibull distribution. This choice is
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motivated by the limited number of tests performed at each temperature (1 to 6 samples were tested at
each temperature). Later on, it will be shown that the two W materials exhibit different transition
temperatures, and in the case of IGP that the flexural strain shows a plateau as the temperature reaches
525 °C. On the other hand, the saturation of the flexural strain for CFETR is not attained yet at the highest
flexural strain capacity of the test stage, which is around 20%. Because of this, two functions are exploited
to fit the FS experimental results: (i) an exponential function (equation (5)) for CFETR and (ii) a Boltzmann
sigmoidal function (equations (6)) for IGP. The experimental results of fracture toughness for both
materials is fitted using a Boltzmann sigmoidal function (equations (7)).

FS% = FSpase + B-exp(C-T) (5

FStop_FSbase

0f =
FS% = FSpase + 1+exp(C(Thair—T)) *
B Ktop—Kbpase
K]C - Kbase + 1+exp(C(Thalf_T)) (7)

where FSpq50 and K g4 are constants that define the lowest values of FS and fracture toughness, FS;,,
and K;,, are constants that define the highest values i.e. the values obtained at 600°C, B and C are
deduced from the fitting procedure, the constant C will be referred to as the slope parameter, and Ty,q;¢
is the temperature of the inflection point (the temperature that the second derivative of the curve is equal
to zero).
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3. Results
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Figure 4. (a) Variation of FS as a function of Temperature and (b) variation of K. as a function of
Temperature curve for IGP T-L (triangles) and CFETR T-L (squares) grades. The error bars in both figure
represent one standard deviation of the experimental data. The pink and blue bands show the 68%
confidence bands.

3.1 Three-points bending tests

Figure 4a presents the results of the three-point bending tests. The flexural strain increases exponentially
with increasing temperature for both materials. As proposed by Lassila et al. [38], DBTT is in the range
where the flexural bending strain reaches 5%. This temperature will be referred to as Ts%. This definition
is different from the method used to find the DBTT through the fracture toughness tests, where the DBTT
is considered to be the temperature at which linear elastic fracture mechanics (LEFM) is no longer valid
[45, 46] or the temperature corresponding to the maximum value of fracture toughness [47-49].

Table 3. Parameters obtained from the best fit of the FS-Temperature curves.

Parameters
ateriais Fsbase Fstop B C Thalf
16.951 + 0.023 426.383 +
~ + -
IGP T-L 0+1.613 3.649 0012 25 208 0.958
0.017 0.019 %
_ + _ _

CFETR T-L 0+1.923 0.038 0.006 0.967

According to the results of 3PB tests, the transition is around 300°C for the CFETR and around 400°C for
the IGP material. In the IGP grade, the Boltzmann sigmoidal function fits well the experimental results,
while in the case of CFETR material the exponential function closely captures the experimental trend. The
best fit parameters are collected in Table 3. Both fits have a R? value higher than 0.95, which indicates the
good quality of the fit. According to the fitted curves, Tsy of IGP T-L is 389 +16/-19 °C and , Tsy of CFETR T-
Lis 305 + 12 °C, which makes a difference of 85 °C.
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3.2 Fracture toughness tests

The fracture toughness measured for both materials and presented in Figure 4b is found to increase
according to the Boltzmann sigma type function with temperature for IGP and for CFETR material. The
parameters obtained by applying the fitting procedure are presented in Table 4. Just as in the case of
flexural strain, the confidence factor R? exceeds 95%, hence we consider the fitting procedure to be
reliable.

Table 4. The parameters of the fitted K,.-Temperature curve.

Parameters
Materials R?
Kbase Ktop B C Thalf
9.292 + 55.994 + 0.020 + 431.040 +
IGPT-L 2.352 5.034 i 0.008 17.991 0.974
8.822 + 41.442 + 0.019 + 318.966 +
CFETRT-L 2.613 2.293 i 0.006 18.789 0.950

The rate at which the fracture toughness increases with temperature levels off at 400 °C for CFETR and at
around 500 °C for the IGP material. Earlier studies on similar textured commercially pure W grades found
the maximum of the fracture toughness in the temperature range of 600-800 °C [26, 48]. The standard
deviation on the mean value also increases with the test temperature. Statistical aspects become very
important on the determination of K. at high temperature.

Using the coefficients reported in Table 4, the fracture toughness of IGP and CFETR at Tsy is found to be
23.3 + 3.8 MPavm and 23.0 + 2.3 MPav/m, respectively, hence, equal to one another. Kiop is determined
at the highest test temperature. The value of K}, should be close to the value predicted by the Griffith
criterion considering a fully brittle material at 0 K. The surface energy G required to form the new open
surfaces at fracture is around 3 J/m? [50]. Therefore, the fracture toughness K, should be equal to 1.2
MPavm for the “ideal” fully brittle tungsten. However, the experimental results, obtained at low
temperature, do not match with the result coming from the Griffith limit because some degree of micro-
plastic deformation still occurs at the crack tip of tungsten [24]. Hammering and/or rolling during the
manufacture process indeed increases the fracture toughness of tungsten [24, 25, 47, 51-54]. As a result,
the obtained K} 4, is found to be 9 + 2.7 MPay/m for technical grade tungsten and also is in line with other
experimental data obtained earlier [21, 22, 26, 48, 55].

3.3 Fracture surface

To substantiate the results of mechanical testing and the approach of Lassila [38] regarding the
determination of the transition temperature, we performed a detailed investigation of the fracture surface.
Scanning electron microscopy analysis was performed on the materials deformed at low temperature (in
the 100% cleavage region), near the transition temperature and at the upper studied temperature. Figure
5 shows the fracture surface of both materials as obtained using the 3PB samples, which were tested near
the Tsy temperature. Both intergranular and transgranular brittle fracture are observed on the fracture
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surface. However, the transgranular brittle fracture pattern of CFETR T-L is higher than the one of IGP T-L
i.e. approximately 30% and 50% of the pattern correspond to the transgranular brittle fracture for IGP T-L
and CFETR T-L, respectively.

a. IGP T-L 400 °C

— = T S T

PR O\ e
20 um

Figure 5. The fracture surface of 3PB specimens obtained for (a) IGP at 400 °C and (b) CFETR at 300 °C,
which is near Tsy as determined from mechanical tests. The red arrow indicates intergranular fracture
failure; the blue arrow indicates transgranular brittle fracture.

Room Temperature 400 °C

1 mm . i

20 um

Figure 6. Fracture surface of the DCT specimens of IGP material obtained at 22, 400 and 600°C.

The evolution of the DCT fracture surfaces of the IGP grade tested at 23, 400 and 600 °C are shown in
Figure 6. As the test temperature increases to 400 °C (i.e. close to Tsy of this material), the fraction of
transgranular brittle fracture pattern increases from 10% to 20%, see Figure 7. At 600 °C, delamination
and dimples are clearly observed, which implies a ductile deformation behavior. However, the stability of
the crack propagation process cannot be determined by characterization of the fracture surface. Further
investigation of crack propagation, e.g. by means of video registration, is required.

11
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Figure 7. Fracture surface of DCT specimens of CFETR material tested at 22, 300 and 600°C.

The fracture surfaces of the CFETR grade tested at 23, 300 and 600 °C are shown in Figure 7. The
comparison between Figure 7 and 6, shown that the evolution of the fracture surface pattern is different
in the case of CFETR. At 300 °C (close to Ts%) both trans- and intergranular brittle fracture is observed
(transgranular brittle fracture is around 30%). The pattern at 300 °C is different from the one at 23 °C,
which shows high fraction of transgranular brittle fracture (60%). Whereas at 600 °C, no delamination is
observed but just a mixture of transgranular brittle fracture (30%) and dimples is presented.

3.4 Texture

CFETR

a Al

001
c.

2.500
2.081
1.733
1.443
1.201
1.000
0.833

Figure 8. Inverse pole figure for (a, b) IGP and (c, d) CFETR materials

A deeper analysis of the crystallographic texture is performed as a starting point to explain the differences
in the DBTT of IGP and CFETR grades. The inverse pole figure (IPF) indicates the intensity associated to
crystallographic directions, which align toward the specific specimen orientation. The corresponding
distribution of crystallographic planes normal to different crystallographic directions indicated on the IPF
can also be identified.

As shown in Figure 8, both materials exhibit a preferential texture on the fracture plane normal to TD. IGP

appears to have high intensity of {001} and {111} crystallographic planes and high intensity of (101)

crystallographic direction, as shown in Figure 8a and 8b. Moreover, the IPF of IGP exhibits medium

intensity of (001) crystallographic direction. Differently from the IGP, the CFETR material exhibits medium
12
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intensity of {001} and {101} crystallographic planes and high intensity of (101) crystallographic direction,
as shown in Figure 8c and 8d. The quantized intensity of crystallographic planes and crystallographic
directions, which are analyzed by the crystal direction function of OIM TSL analysis software, are shown in
Table 5. This information will be used later in the discussion of the results.

Table 5. Fraction of crystallographic planes normal to TD and fraction of crystallographic directions
parallel to LD (with the + 15° of angular range from the reference crystallographic planes or reference
crystallographic directions)

Fraction of planes normal to TD Fraction of directions parallel to LD
{001} {101} {111} (100) (101) (111)
IGP 0.174 0.046 0.269 0.118 0.326 0.019
CFETR 0.090 0.276 0.118 0.065 0.316 0.047
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4. Discussion

4.1 Methodology to construct K,(T) curve by single temperature measurement

a b.
60 ————— 14 14
—IGP T-L Matchstick Fracture Toughness

50_—CFETR T-L 12— IGPTL ---IGP T-L L1
—— CFETR T-L|- - -CFETR T-L P o
—~ L2 =2
I 10 LT 100
5 “= 8 ’," 7 8 E
o 8 ——— G . r8 I
< 30 X L p
= Z 4 - e =
%) | | -, w
v P =
20 4 5 [
4 4 o -4 w
% =z
10 # |

2 F2

0 T T 0 T T T T T 0

0.1 1 10 0 100 200 300 400 500 600

Flexural Strain % Temperature °C
Figure 9. (a) Variation of K. as a function of flexural strain; (b) variation of natural logarithm of
Exponential and Boltzmann sigma parameters as a function of temperature for both tested materials.

The purpose of this section is to summarize the results and to discuss how small specimen test
configurations can be used to explore the transition temperature range in order to guide the standardized
fracture toughness testing.

At first, the relationship between the fracture toughness K, and flexural strain of the two tested materials
is shown in Figure 9a. One can see that the fracture toughness K. of both materials is almost identical in
the range of the low flexural strain (up to ~5%). This can be explained by the grain properties. As shown in
Table 1, the two tested materials have similar aspect ratio and similar density of low angle grain boundaries
(LAGBs) over the fracture plane (ND-LD plane). As indicated in the literature, the aspect ratio [55] and
dislocation sources e.g. LAGBs [47, 49, 51] do have an impact on the fracture toughness below the DBTT.
Similarity of the microstructure of the two grades is likely the reason why the fracture toughness vs. FS of
both materials at low temperature (i.e. below Tsy) is almost the same. At higher values of FS, the fracture
toughness curve begin to deviate, which implies that the two materials show different sensitivity to strain
state in the upper shelf regime.

Secondly, the slope parameter C (see equations 5-7, Tables 3,4) was obtained from both 3PB and DCT tests.
An easy way to compare the slope parameters obtained from the two types of tests is to plot the natural
logarithm vs. test temperature as presented in Figure 9b. The values of Ln(Kg), Ln(FS%e) and Ln(FS%s) are
derived from the equations used to fit K. curves, and these values read:

K C_K ase
LN(Kg) = In (K’tp—_”K]) + CThayp = CT (8)
LN(FS%j) = In (F‘;%) = CT 9)

FS%—FSpgse

LN(FS%3) = In ( o

where the constants B, C, Kpgse, and Ky, are taken from Table 3 and 4.
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Ln(KB), Ln(FS%E) and Ln(FS%B) are plotted in Figure 9b, and the figure clearly demonstrates the parameter
C for CFETR T-L agrees much better than that for the IGP T-L. The deviation of the slope parameter from
the two types of tests for IGP T-L can be explained by a relatively large dispersion of the fracture toughness
values measured at high test temperature, as shown in Figure 4b. In order to quantify the accuracy of the
agreement of slope parameters of IGP T-L and to account for the relative error (calculated as propagated
error of the slopes from the both tests), we propose to compare the convergence criterion f =
|1 — Cpr/Crg| with this error (Cpr is the slope parameter of fracture toughness test, and Cgg is the slope
parameter of three-points bending test). Following the rule of error propagation, the resulting error equals

to CFT\/(UFT/CFT)Z + (0rs/Crps)?/Crs where opp and opg are the uncertainty of Cpp and Cpg,
respectively, as shown in Table 3 and 4. If the propagated error is larger than the convergence criterion f,
the two slope parameters can be considered as agreed. The propagated error and f of IGP T-L are found
to be 0.57 and 0.13, respectively. Hence, the slope parameters for the flexural strain obtained from the
miniaturized 3PB tests are very close to the slope parameters measured for the fracture toughness using
standardized DCT geometry. Because of this, the flexural strain measurements can be proposed as a
complimentary method to define the transition temperature range and therefore to guide and minimize
the number of fracture toughness tests to determine DBTT.
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Figure 10. Boltmann sigma curve single temperature fitting approach

The complementary approach can be implemented in the following way. Since the slope parameters of
both 3PB and DCT fracture toughness test are similar, and given that K}, is known, it should be possible
to deduce the K,-Temperature curve by performing a set of fracture toughness tests at a single
temperature. Of course, this curve can be determined only in the transition temperature range and will
not cover the temperature range where ductile tearing is observed. a

We now assess our approach on the example of the CFETR material, whose fracture toughness is best
fitted by the Boltzmann sigmoidal function (Equation 7). The function requires four parameters: the slope
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parameter C, Kyqse, Kiop, and Thqif. The slope parameter Cis taken from the 3PB tests (Table 3). As shown
in Table 4, K} 45, for both materials is around 9 MPay/m. In order to assess the influence of this parameter
on the prediction of the K,-Temperature curve, it is varied in the range of 5-10 MPay/m. Kiop and Tpqip
are calculated from the following equations:
__ Kjei—aKje
Keop = L2202 11

( Ktop=Kjc2 )

n|—2£ __Jc2

K]cz_Kbase
C

12
Thair =Tz + 12
where Kj¢; is the fracture toughness at temperature equal to Tsy, which is equal to 23 MPavm, the constant

K]cl_Kbase

o is equal to exp [CTZ —CT; + ln< )], and K2 has to be obtained by the fracture toughness

K]cz_Kbase
tests at T,. The temperature T, can be selected according to the transition temperature range determined
from 3PB tests.

For instance, if T, is taken equal to 550 °C, the constructed functions for both CFETR and IGP materials are
shown in Figure 10. The predicted curves of both materials match reasonably well the experimental points
in the transition temperature range. The variation of K} 5, does not have a strong influence on the K
curve in the transition temperature range. As a result, the shift of the DBTT after irradiation can be
determined using the same methodology in two steps. In step 1, a set of 3PB tests is performed to identify
the transition temperature range, slope parameter C, Tsy and T,. In step 2, a set of fracture toughness tests
is performed at T, to deduce K;,p, and Tpq5. The selection of T is very important since it must be higher
than the DBTT but still comply with the criteria of validity of K,c according to ASTM E1820. Moreover, the
fracture toughness has a larger spread at high temperature. Therefore, a sufficient number of specimens
(at least 3 specimens) is required to reliably determine a K., value.

The main objective of this approach is to reduce the number of test specimens required to assess the DBTT
shift after neutron irradiation. With this respect, three important warnings regarding the proposed
approach should be mentioned:

(i) the application of the equivalent slope C for non-irradiated and irradiated materials implies
that the ductile-to-brittle transition is controlled by the same type of thermally activated
mechanisms (e.g. activation of screw dislocation movement). Should the irradiation change
the main mechanism of the plastic deformation, the C parameter must be redefined, which
can be done by 3PB tests. In this case, the assessment of the microstructure becomes
important and extra information to substantiate the mechanical testing procedure is required.

(ii) the assumption that Kj ¢, for irradiated materials is the same as that for non-irradiated
material remains valid as long as the grain microstructure and texture is not altered by the
irradiation. In the case of irradiation at high temperature, removal of texture and some partial
recrystallization may happen in addition to the formation of neutron irradiation defects. In
this situation, the ambient microstructure (i.e. grain size, grain shape, dislocation density)
before and after irradiation will no longer be the same and hence K}, ;5. can differ as well.
However, a moderate variation of K} 4., (i.e. 5-10 MPav/m;) does not lead to the strong impact
of the transition temperature, as shown above.
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(iii) besides the shift of DBTT after neutron irradiation, the upper shelf of the fracture toughness
is also known to decrease. Therefore, the approach requires further validation whether the K.

value at Tsy for neutron irradiated material is equal to 23 MPayvm.

4.2 Linking microstructure and fracture mechanism

The results of the mechanical tests show a difference of 85 °C in the DBTT (determined by Tsy) and in the
fracture behavior between IGP and CFETR grades. As summarized by Bonnekoh, et al. [56, 57], the DBTT
can be influenced by aspect ratio of the grains, impurities, lattice defects, and crystallographic texture (the
degrees of impact decreases respectively). Since the density of LAGBs, initial density of dislocations and
grain size aspect ratio of both materials on fracture plane (ND-LD plane) are similar, the difference in the
DBTT could originate from impurities and crystallographic texture.

Because of the difference in the manufacturing process, the microstructure of the IGP and CFETR materials
differs as well, as shown in Fig.1. The grains of IGP exhibit a carrot-like shape, while the CFETR T-L grains
have pancake-like shape. Following the literature [30, 45-47, 51, 52, 58], the fracture toughness and the
DBTT depend on the crystallographic plane and direction along which the crack(s) propagate. For example,
the activation energy for the ductile to brittle transition (Qper) in the case of {001}(100) crack system
(where {001} is the fracture plane and (100) is the crack propagation direction) is higher than for the
{110}(110) crack system [46, 47, 51]. Moreover, from the results of P. Gumbsch, et al. [47], the
crystallographic direction, in which the crack propagates, has stronger influence on the DBTT than the
crystallographic plane that is parallel to the crack surface. The effect of texture on DBTT can be observed
from IGP materials, which has high fraction of {001} planes (higher DBTT than {110} planes if the crack
propagation direction is (100) [47]) along the fracture plane and a high fraction of (100) directions (higher
DBTT than (110) directions [47]) along LD (crack propagation direction), as indicated from Table 5. And
these high fraction of {001} planes and of (100) directions can be the reason why the IGP has higher DBTT
than CFETR. Thus, the difference in the texture of IGP and CFETR provides an explanation of the reasons
for the difference in the DBTT and in the fracture surface pattern.
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Figure 11. (a) Kink angle between grain boundary and crack propagation direction; (b) IGP and (c) CFETR
are the scheme of crack propagation route in TD-LD plane at low temperature

Besides crystallographic texture, one should keep in mind that the two materials have slightly different
chemical composition. However, at temperature significantly below the DBTT (for instance, room
temperature), the effect of impurities on the fracture behavior can be ignored [59]. Therefore, the main
factor that influences the fracture behavior is likely the orientation and morphology of grains, which is
known to play a key role [21, 23, 55, 60]. As indicated by Prakash et al. [60], the intergranular failure will
occur in the fracture process zone if the kink angle between grain boundary and crack propagation
direction (see Figure 11a) is smaller than a threshold angle (the threshold angle is around 50° and will be
smaller if the cohesive strength of grain boundary is higher); in other words, the grain will have
transgranular brittle failure if the kink angle is larger than the threshold angle.

In the ND-LD plane, the fracture surface of IGP T-L exhibits a very high fraction of intergranular fracture
(around 90%) because the material has carrot-like grains (high aspect ratio, as shown in Table 1) along the
crack propagation direction; as a result, the kink angle is very small, as shown schematically in Figure 11b.
Unlike IGP T-L, CFETR T-L samples have pancake shaped grains (low aspect ratio, as shown in Table 1),
which are oriented normal to the fracture surface. Consequently, the kink angle is higher in most of the
cases, as shown in Figure 11c. And in agreement with this, the fracture surface of CFETR T-L shows higher
fraction of transgranular brittle fracture (around 60%) and the measured fracture toughness value of
CFETR T-L is slightly higher than the one of IGP T-L at room temperature.

As the test temperature increases, the effect of impurities (which can strengthen or weaken the grain
boundary cohesion) may become important [61]. Therefore, impurities might be the reason why the
fracture behavior of both materials changes. Impurities, segregating to the grain boundaries, can reduce
the cohesive strength between sub-grains and/or grains. For IGP, at temperature near Tsy, the fracture
surface has both intergranular and transgranular brittle fracture patterns since the purity of the material
is higher and the grains with (100) directions parallel to LD (the fraction is around 11%, as shown in Table
5) start to act as a competitive weakest links because of the high Qper [46]. As a result, the fraction of

18



451
452

453
454
455
456
457
458
459
460

461

462

intergranular fracture is reduced to ~10% in IGP T-L near the DBTT. But, for CFETR, the impurity
concentration is higher, and therefore, the transgranular brittle fracture is reduced from 60% to 30%.

At temperature exceeding the DBTT, both {hk[}{(100) and{hki}{(110) crack system become ductile (the
Qogr is related to the activation energy for the dislocation slip [51]). Thus, ductile fracture features, i.e.
dimples and delamination, become evident in the IGP as a result of the plastic deformation and dislocation
slip. On the other hand, in the CFETR, some grains still demonstrate cleavage fracture. Therefore, the
fracture surface exhibits both dimples and transgranular brittle fracture (around 30% of the fracture area).
Keeping in mind that the difference between the texture of IGP T-L and CFETR T-L is not just confined with
the texture components that had been mentioned above, the detail of other texture components will
require further investigation.
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5. Conclusion

The fracture toughness and maximum flexural strain have been assessed for two commercial tungsten
grades produced by European and Chinese companies. The grades are produced to comply with ITER
specifications and the mechanical tests were performed for the T-L orientation, which is relevant for
plasma facing components, accounting for the texture of the materials. On the basis of the obtained results
by performing the mechanical tests and microstructural analysis, we come to the following conclusions:

(i) The fracture toughness and three point bending tests were performed in the temperature range of RT-
600°C, where the transition from ductile to brittle behavior is expected. The temperature dependence of
the K. and flexural strain follow very similar variation, which suggests that the three point bending tests
can be used to explore the temperature bounds of the ductile to brittle transition range with high
confidence.

(ii) The dependence of the fracture surface on temperature (Ki-T curve) in the transition temperature
range can be derived by combination of the three point bending tests and single temperature fracture
toughness test. Such approach can be used to assess the DBTT of the neutron irradiated material which is
already well pre-characterized in the non-irradiated conditions. If proved to be valid, the approach will
enable to reduce the number of samples and tests to construct K,.-T curve. In this work, we have simulated
the construction of the K;.-T curve for two commercial tungsten grades, which has been shown to be rather
accurate if one overlays the experimental fracture toughness data obtained in the whole transition
temperature range. The next step is to demonstrate the robustness of this approach and to perform heat
treatments and proton irradiation (generating 1 mm uniform damage) on non-irradiated materials to
change its DBTT that should be captured by 3PB tests.

(iii) Considering that the temperature at which the material deforms up to 5% of flexural strain can be
taken as the DBTT (criterion induced in [38]), the fracture toughness at Tsy was calculated for the two
grades by interpolating the experimental data and was found to be same for both being equal to 23
MPayvm. The fracture surfaces of the bending samples and disk compact tension samples were compared
at Tsy for both materials, and a good correspondence of the microstructural features and morphology
observed in the two kinds of samples is found. These findings substantiate further the applicability of the
miniaturized three point bending tests to assess the transition temperature range in forged fine-structured
tungsten.

(iv) The transition temperature Tsy of the IGP and CFETR materials is found to be, respectively, 389 +16/-
19 °C and 305 * 12 °C. The difference in the transition temperature, fracture behavior, and fracture
toughness measured for the two materials is discussed on the basis of the microstructure assessed by
electron back-scattering diffraction and by fracture surface analysis through scanning electron microscopy.
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